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Materials for high temperature applications -- for example rocket engines -- are often metallic and therefore 
tend to suffer from high density when used in their monolithic form. The root cause of this dilemma is the 
solid-state physics causing the low rates of thermally-activated processes such as diffusion and creep, it also 
confers the very high density. Using the nickel-based superalloys as an exemplar, we demonstrate here that this 
dilemma in high temperature materials can be defeated by designing open cellular structures -- leveraging recent 
progress in new alloys designed specifically for additive manufacturing. The resulting low-density architected 
materials exhibit optimal stretch-dominant or bend-dominant behaviour at high temperatures, as exemplfied 
by regular honeycomb structures which are built. Thus, as well-behaved materials these findings open up new 
design possibilities for high-temperature applications where low density is particularly needed.

Metals and alloys are required to operate at elevated temperatures, 
for example in critical sectors including aeronautics, space, automotive 
and energy generation -- underscoring their versatility and essential roles 
in modern technologies [1]. Examples include combustors for rocket 
engines, topology-optimised structures for launch vehicles, the fabri

cation of thermal shields for spacecraft re-entry, sophisticated turbo

machinery, and the development of powertrains for high-performance 
vehicles. But what properties inform the best choice for such applica

tions? The answer lies in a capacity to resist thermally-activated pro

cesses such as diffusion, creep deformation, oxidation which -- if not de

signed against by optimised choice of metal solvent, alloying elements, 
and microstructural engineering of precipitate structures -- leads to ex

cessive rates of degradation and hence structural failure. The nickel

based superalloys are exemplars, distinguished by their extraordinary 
high temperature strength and toughness, resilience to creep-fatigue, 
microstructural stability and resistance to corrosion [2,3]. Nevertheless, 
it is an unfortunate fact that the very same solid-state physics which 
confers low rates of thermally-activated processes -- for example the 
cofiguration of the d-shell electrons in the transition metals -- endows 
alloys which tend to be dense [4]. Thus for example nickel has a relative 
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density of 8.9 and in the superalloys, the necessary alloying by refrac

tory elements such as W, Re and Ta (relative densities are 20, 21 and 17 
respectively) exacerbates this. This represents their Achilles’ heel. Cir

cumventing this density dilemma is a major unsolved challenge in this 
field.

How best to deal with this impasse? The strategy adopted here is 
to make use of the revolution in design possibilities unfolding from the 
advancement of metal additive manufacturing -- especially the emerg

ing group of hollow, architected materials which can be designed to 
be ultra-stiff, lightweight and even capable of responding to external 
stimuli through tailoring geometry and topology [5,6]. Thus in this way 
traditional monolithic, heavy components are avoided and replaced by 
multifunctional hollow structures of greater geometrical complexity [7]. 
Nevertheless, for the high temperature materials such as the superal

loys these can be exceptionally hard to manufacture due to a vulnerable 
solidfication path -- enriched solutes in the last liquid that lead to so

lidfication cracks and strain-age cracking due to the development of 
precipitation after reheating [8]. Typical microstructural defects such 
as extensive microcracking that arise from the manufacturing process 
are shown in Fig. 1 (a-c). Fortunately, recent materials breakthroughs 
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Fig. 1. Overview of conceptual parts utilising open-cellular metamaterials manufactured by Alloyed Ltd and typical 3D printed superalloy microstructures and 
defects are shown in three length scales for legacy and novel superalloys. (a-c) shows binarised optical micrograph, inverse pole figure of grain structures near an 
intergranular crack and secondary electron image of a solidfication crack for a typical non-printable legacy superalloy [9]. (d) illustrates a manufactured aerospace 
demonstrator utilising topological design for lightweighting, where (e) highlights the open-cellular metamaterials used. (f) shows uniaxial compression testing at 
900 ◦C and room temperature captured by video extensometer. (g-i) shows binarised optical micrograph, inverse pole figure of grain structures and secondary electron 
image of the strengthening precipitates for the novel printable superalloy studied here [9]. The tested honeycomb geometries are shown in (j).

have arisen in additive manufacturing -- involving advanced, printable 
superalloys that maintain integrity at high temperatures, see Fig. 1 (g

i) -- which allow defect-free, precipitation-strengthened microstructures 
conferring the performance required [9,10].

Nevertheless, the possible deployment of these materials at elevated 
temperatures raises critical questions about their behaviour -- particu

larly due to the damage mechanisms which are likely to be very different 
from the monolithic case. The resilience of high-temperature archi

tected materials against these challenges remains unexplored, posing 
crucial concerns about their long-term reliability and potential for un

precedented behaviour under such demanding conditions. This work 
focuses on demonstrating the necessary processing and highlights the 
fundamental research issues concerning mesoscale mechanics during 
deformation linking to the various damage routes. To date, this area 
has been under explored, making the design of high-temperature lattice 
structures unrealistic for mission-critical applications. In what follows, 
we focus on idealised honeycomb structures to uncover the underlying 
damage and failure mechanisms, deliberately avoiding the complexi

ties of more intricate geometries that could complicate interpretation. 
These honeycombs are subjected to deformation in both in-plane and 
out-of-plane directions, enabling the exploration of ideal bend- and 
stretch-dominant behaviours. We selected the ABD-900AM superalloy 
for its exceptional printability and high-temperature performance [11], 
testing it at both room temperature and 900 ◦C across a range of rel

ative densities spanning approximately one decade. Different deforma

tion modes are studied as a function of temperature and 𝑡∕𝑙 ratio (cell 
wall thickness/length). The results are rationalised by a meso-mechanics 
modelling using finite element analysis (FEA) incorporating appropriate 
damage criteria. The experimental results and accuracy of our computa

tions cofirm the extension of the design space for these materials. Our 
results cofirm the arrival of high temperature materials of exception

ally low density and great geometrical precision.

Honeycomb structures in this study have the unit cells designed in

plane (x-y) and out-of-plane (x-z), see Fig. 1 (j). The geometry of each 
structure was cofined within the dimensions of 10 × 17.5 × 10 mm3

(xyz). The honeycomb structures were all regular hexagons, with dif

ferent unit cell sizes and wall thicknesses, which gives the t/l ratio (or 
relative density) ranging between 0.05 to 0.45. A breakdown of the ge

ometry design for each structure is shown in Table 1 in the appendix. 
Manufacturing of the hollow specimens were conducted using laser

powder bed fusion (L-PBF) with Renishaw 400 machine, where technical 
specfication and composition were given in [12]. The build direction is 
parallel to the z-axis of the honeycombs in all cases. All samples were 
tested in the as-printed state.

Mechanical properties of the honeycomb lattices were evaluated us

ing an Instron 8852 machine at room temperature and at 900 ◦C. Com

pressive load was applied along the long direction (y-axis) via compres

sion grips with two SiC platens. Strain was measured using an Imetrum 
video extensometry system by tracking speckled patterns. High tempera

ture tests were conducted using a bespoke split furnace (Severn Thermal 
Solutions, UK) with a heating rate of 20-30 ◦C/min, monitored using two 
type-K thermocouples in contact with the push rods. A holding temper

ature of 10 mins and a strain rate of 5 × 10−3 s−1 were employed. In 
order to assist modelling, conventional tensile tests at both tempera

tures and strain rates were carried out with the same material in solid 
(bulk) form. The solid specimens were additively manufactured using 
the same laser parameters into a cylindrical geometry with a gauge di

ameter of 3.5 mm and gauge length of 6 mm. They were tested in the 
as-printed state. Scanning electron microscopy (SEM) were used to study 
the microstructures before and after deformation. A Zeiss Merlin SEM 
was operated at 15 kV acceleration voltage. Secondary and backscat

tered electron detectors were used. A BRUKER electron backscattered 
diffraction (EBSD) H-flash detector and an Oxford Instrument X-MAX 
energy dispersive x-ray spectroscopy (EDS) were used to probe crystal

lographic and compositional information.

Numerical simulations were performed using the commercial soft

ware ABAQUS (Explicit, 2023). To study the in-plane behaviour of 
honeycomb structures, models were developed to replicate the exper

imental specimens, employing 4-node bilinear plane stress elements for 
mesh discretisation. To capture the out-of-plane behaviour, 4-node dou

bly curved thin and thick shell element are used for analysis. A detailed 
convergence study determined that an optimal mesh size of one-quarter 
of the specimen thickness (t/4) is sufficient to accurately capture the 
in-plane behaviour while maintaining computational efficiency (Fig. S1 
A). For out-of-plane behaviour, the analysis revealed that an element 
size of one-eighth of the specimen length (L/8) is necessary to achieve 
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Fig. 2. Yield strength and relative density plot in log-log scale for in-plane and out-of-plane honeycomb by uniaxial compression by experiment and FEA simulation 
at room temperature (a) and 900 ◦C (b).

reliable results (Fig. S1 B). Both element sizes were employed in the 
analysis to ensure comprehensive coverage of in-plane and out-of-plane 
responses. To minimise hourglass effects and dynamic effects, a load

ing rate of 6.25 mm/s was carefully selected. The validity of this rate 
was cofirmed by maintaining the ratios of artficial energy to internal 
energy below 5% (Fig. S2).

We first tested the overall compression mechanics of the honeycomb 
structures -- in both out-of-plane and in-plane loading directions at room 
temperature and 900 ◦C. Various samples were characterised by altering 
the aspect ratio of each honeycomb cell wall -- the thickness-to-length 
(𝑡∕𝑙) ratio -- which ifluences directly the relative density in regular 
honeycombs. The strength of all specimens obtained from experiments 
and simulations are presented in the form of log-log plots (Fig. 2). The 
room temperature results are shown in colour in Fig. 2 (a) with the 
high temperature data in grey transparent, and vice-versa for high tem

perature in Fig. 2 (b). The specimens displayed both brittle and ductile 
behaviour, ifluenced by temperature and geometry. For ductile fail

ures, yield strength was determined at 0.2% engineering strain, whereas 
for brittle failures, peak stress was used. The 0.2% yield strength of solid 
material is also plotted in both graphs as a benchmark.

By extracting the slope from yield strength and relative density in 
each testing orientation as in Fig. 2, we found linear relationships for 
out-of-plane and in-plane behaviour, with extrapolation to the solid 
material’s yield strength regardless of the effect of temperature. The 
slope (𝑛) describing the mode of deformation is as proposed by Gib

son & Ashby [13], with 𝑛 = 1 suggesting that the materials exhibit ideal 
stretching behaviour (out-of-plane), while the slope 𝑛 = 2 indicates ideal 
bending behaviour (in-plane). At room temperature, the bes-fit slope is 
𝑛 = 2.4 for in-plane deformation and 𝑛 = 1.1 for out-of-plane deforma

tion. The slight discrepancy of our results with the analytical values may 
possibly arise from edge effects and hence may be affected by uncon

strained boundaries that can deform freely.

High-temperature deformation was found to differ significantly from 
room temperature behaviour -- here the Gibson-Ashby relationship is 
verfied for the first time. Both in-plane and out-of-plane deformation 
exhibit consistent slope values in each orientation: 𝑛 = 2.4 and 𝑛 = 1.1, 
respectively, see Fig. 2 (b). While the slope for in-plane deformation 
remains consistent across different temperatures, it shifts downward, 
indicating a 43% reduction in strength at a given density as compared 
to room temperature. In contrast, out-of-plane deformation remains un

changed, with overlapping slopes at both temperatures. This observation 
is indicative of a shift in the local failure mechanism from in-plane to 
out-of-plane under high-temperature conditions.

In order to glean further insights into the deformation character

istics, the full stress-strain behaviour was analysed. A representative 
honeycomb sample with a cell edge length of 2.02 mm, thickness of 0.3 

mm, and a relative density (or (𝑡∕𝑙)) of 0.15 was considered in detail. 
The compression stress-strain behaviour is illustrated in Fig. 3 (a-d) via 
both experimental data and finite element analysis (FEA) simulations. At 
room temperature, the in-plane deformation exhibits a classical plateau 
following the yield point, with moderate progressive hardening as addi

tional cell walls fold contributing to densfication. The stress-strain char

acteristics are closely mirrored by the FEA simulation results, with the 
yield point, hardening, and folding strain aligning well with the exper

imental observations. However, the deformation behaviour at 900 ◦C, 
shown in Fig. 3 (b), differs notably. The in-plane honeycomb specimen 
undergoes brittle collapse after the initial elastic peak, with no plastic 
behaviour evident and a catastrophic load drop occurring at just 1.7%
elongation. In contrast, for out-of-plane behaviour, the material shows 
varying levels of work hardening at room temperature depending on 
thickness. At 900 ◦C, while no significant work hardening is observed, 
a gradual failure occurs, as opposed to the catastrophic fracture seen in 
the in-plane case.

The in-plane honeycomb at 900 ◦C reveals a macroscopic brittle frac

ture, whereas the solid material exhibits a reasonable elongation to fail

ure of 8% under the same testing conditions. This is a pronounced asym

metrical mechanical response of the cellular and solid superalloy, which 
is intriguing. In addition to this, neither the room temperature deforma

tion nor the out-of-plane deformation at 900 ◦C showed signs of brittle 
collapse. Visual examination cofirms that the fractured specimens shat

tered into pieces, with fractures consistently originating at the vertices 
(junctions), while the cell walls remained intact with no clear signs of 
bending. This embrittlement behaviour in the high-temperature honey

comb is likely rooted in the material’s intrinsic resistance to plastic insta

bility, a characteristic determined by its work hardening coefficient. As 
shown in Fig. 3 (f), during work hardening, further loading strengthens 
the cross-sections that have undergone deformation, thereby redistribut

ing the load. At room temperature, work hardening diminishes at around 
30% true strain, indicating sufficient tolerance for damage nucleation. 
In contrast, at 900 ◦C, the material work-softens, tolerating only about 
2% true strain -- beyond this point, localised damage emerges, leading to 
a loss of load-bearing capacity. There is a particular vulnerability to in

plane deformation because bending at hinges exacerbates dflection and 
increases local strain. As a result, it is cofirmed that stretch-dominant 
structures -- such as these out-of-plane honeycombs -- do not experience 
the same reduction in strength as their room temperature counterparts.

The role of microstructural features is examined as follows. We first 
analyse in-plane honeycombs deformed at room temperature with vary

ing 𝑡∕𝑙 ratios, as shown in Fig. 4 (a) and (c). These conditions under 
comparison have the same cell length (2.02 mm) but different wall thick

nesses of 0.15 mm and 0.5 mm, resulting in 𝑡∕𝑙 ratios of 0.074 and 
0.25, respectively. The low 𝑡∕𝑙 sample shows complete folding of cell 
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Fig. 3. Engineering compression stress strain curves for a typical honeycomb sample by experiment and FEA simulation. (a) and (b) show in-plane deformation in 
room temperature and 900 ◦C. (c) and (d) show out-of-plane deformation in room temperature and 900 ◦C by experiment. (e) illustrates the true stress strain curve 
of the solid material ABD-900AM in room temperature and 900 ◦C measured with typical dog bone samples and (f) shows the corresponding work hardening rate 
evolution. All mechanical tests were carried out at a strain rate of 5 × 10−3 s−1.

Fig. 4. Microstructure and simulation of in-plane deformed honeycomb structure. (a) and (b) secondary electron image and IPF map of a low t/l honeycomb deformed 
at room temperature. (c) and (d) show the secondary electron image and FEA simulation for a high t/l specimen deformed at room temperature, where short cracks 
can be observed. (c) and (d) highlight crack propagation across the structure in secondary electron image and FEA simulation for a high t/l specimen deformed at 
900 ◦C. (g) illustrates the grain structures at a vertex revealing grain boundary cracks. (h) demonstrates the oxidation scale thickness by chemical mapping.
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Fig. 5. Yield strength of major classes of commercial structural alloys as a function of temperature is shown in (a). High temperature strength at 900 ◦C vs density of 
commercial alloys with honeycomb structures in this work shown in (b). The new design space discovered is shaded in light red. (For interpretation of the colours 
in the figure(s), the reader is referred to the web version of this article.)

walls without any microstructural damage, whereas the high 𝑡∕𝑙 sam

ple reveals short cracks at some vertices, extending up to approximately 
∼200 μm, as depicted in Fig. 4 (c). The FEA results in (d) accurately 
replicate these damage events at the same locations and also show signif

icant plastic deformation in the cell walls. The damage observed in the 
high 𝑡∕𝑙 sample suggests that intrinsic ductility alone cannot fully pre

vent internal damage as relative density increases. As the member aspect 
ratio increases, the deformation mode shifts from hinging to shearing.

For the same honeycomb deformed at high temperature, long cracks 
through wall thicknesses are frequently observed at vertices. Electron 
backscattered diffraction (EBSD) reveals that the cracks only occur at 
the high angle grain boundaries, which often is the weak microstruc

tural link at elevated temperatures [14]. These cracks nucleate from 
one vertex and quickly propagate through the entire cross-section of 
the macrostructure in form of shear bands; thus the sample loses load

bearing capacity rapidly when the first damage occurs. The formation 
of such shear bands is demonstrated in Fig. 4 (f). In contrast to the 
room temperature deformation (d), load redistribution no longer occurs 
instead strain localisation becomes the operative mechanism. Further 
chemical analysis was carried out at the crack tips to probe the role of 
oxidation in Fig. 4 (h), where some thin chromia and alumina scales 
were observed. However, their thickness remained on the scale of ∼200 
nm, hence they are unlikely to be pivotal in promoting cracks propaga

tion.

One must consider the ramfications of these findings. It is useful 
to consider the yield strength of the major alloy systems see Fig. 5

(a) across a wide temperature range. Six classes of metallic materials 
with their flagship examples are plotted up to their working temper

ature range, where data were taken from the literature. The alloys 
selected are stainless steel (SS316) [15], ultra high-strength maraging 
steels (C-300) [16], high strength aluminium (7075) [17], titanium 
(Ti-6Al-4V) [18], polycrystalline nickel superalloy (IN718) [19] and 
single crystal nickel superalloy (CMSX-10) [4]. The yield strength of 
each alloy generally decreases with increasing temperature, with the 
exception of the single crystal superalloy showing an increase up to 
around 750 ◦C before decreasing, consistent with the so-called ‘anoma

lous yielding’ behaviour. Light alloys, such as aluminium and titanium, 
typically have low heat resistance, with maximum working tempera

tures around 250 ◦C and 600 ◦C, respectively. Aluminium is limited by 
its melting point of 660 ◦C, while titanium becomes excessively reactive 
and loses thermal stability at higher temperatures [20]. Maraging steels 

also suffer from adverse thermal decomposition, making them unreli

able at elevated temperatures. Stainless steels, particularly those with an 
austenitic crystal structure, maintain structural integrity up to approx

imately 800 ◦C, though their strength is significantly lower than that 
of superalloys, making them suitable only for non-critical load-bearing 
applications. Beyond 600 ◦C, the high-temperature regime is dominated 
by superalloys, which are designed to retain their mechanical properties 
under extreme conditions.

To illustrate the compelling case for these new lightweight high

temperature materials, we present in Fig. 5 (b) the performance of in

plane and out-of-plane honeycombs made from ABD-900AM at 900 ◦C 
as a function of density. For comparison, the typical strength of nickel

based superalloys -- which have densities ranging between 8-9 g/cm3 -- is 
also plotted. This study demonstrates clearly that the honeycomb struc

tures occupy a brand-new design space, characterised by a remarkably 
low effective density, down to 0.43 g/cm3. Additionally, their structural 
and mechanical properties are fully tunable by adjusting the internal 
architecture, highlighting the potential for high-temperature structural 
applications with exceptionally low densities.

To summarise, for the future design of high-temperature architected 
materials, three key insights have emerged from this work. First, the cre

ation of cellular structures in order to reduce the effective density of high 
temperature materials is viable. The nickel-based superalloys are good 
candidates for this. This cannot be done with aluminium, magnesium, 
or titanium due to their inherent physical limitations such as low melt

ing points and/or poor oxidation resistance. Second, stretch-dominant 
structures are less sensitive to local damage evolution, making them 
appealing for applications requiring ultra-high specific strength. Third, 
bend-dominant structures carry a generic risk of brittle collapse to cause 
irreparable damage at low macroscopic strain and compromising energy 
absorption capabilities. This is driven by local damage evolution rather 
than load redistribution -- which is further exacerbated by strain soften

ing, which is an unavoidable issue at high temperatures. But enhancing 
creep resistance and intrinsic grain boundary strength might well help 
to mitigate this risk.

It is demonstrated that superalloy-based cellular structures can be 
designed and fabricated with a wide range of relative densities and 
mechanical properties, opening up a new design space for materials 
usage at elevated temperatures -- so far yet to be achieved with other 
low-density materials. Thus it is cofirmed that advances in additive 
manufacturing (AM) processing and materials development enable the 
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creation of multifunctional architected materials with unprecedented 
performance. Here, we have concentrated upon regular honeycombs but 
future research should focus on designing and evaluating even more 
complex structures.
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Appendix

Table 1
Appendix: Geometry design of the honeycomb specimens tested.

Sample 
number

# unit cell 
along y-axis 
(17.5 mm)

Unit cell 
size (mm)

wall 
thickness 
(mm)

t/l ratio measured 
relative density

1 3 5.83 0.15 0.05 0.05

2 3 5.83 0.3 0.09 0.09

3 3 5.83 0.5 0.15 0.15

4 5 3.50 0.15 0.07 0.09

5 5 3.50 0.3 0.15 0.17

6 5 3.50 0.5 0.25 0.26

7 6 2.92 0.15 0.09 0.10

8 6 2.92 0.3 0.18 0.19

9 6 2.92 0.5 0.30 0.29

10 8 2.19 0.15 0.12 0.13

11 8 2.19 0.3 0.24 0.25

12 8 2.19 0.5 0.40 0.40

13 9 1.94 0.15 0.13 0.14

14 9 1.94 0.3 0.27 0.26

15 9 1.94 0.5 0.45 0.43

Appendix. Supplementary material

Supplementary material related to this article can be found online at 
https://doi.org/10.1016/j.scriptamat.2025.116598. 
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